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Abstract
The Majorana Demonstrator is an array of point-contact Ge detectors fab-
ricated from Ge isotopically enriched to 88% in 76Ge to search for neutrinoless
double beta decay. The processing of Ge for germanium detectors is a well-
known technology. However, because of the high cost of Ge enriched in 76Ge
special procedures were required to maximize the yield of detector mass and to
minimize exposure to cosmic rays. These procedures include careful account-
ing for the material; shielding it to reduce cosmogenic generation of radioactive
isotopes; and development of special reprocessing techniques for contaminated
solid germanium, shavings, grindings, acid etchant and cutting fluids from de-
tector fabrication. Processing procedures were developed that resulted in a total
yield in detector mass of 70%. However, none of the acid-etch solution and only
50% of the cutting fluids from detector fabrication were reprocessed. Had they
been processed, the projections for the recovery yield would be between 80 –
85%. Maximizing yield is critical to justify a possible future ton-scale exper-
iment. A process for recovery of germanium from the acid-etch solution was
developed with yield of about 90%. All material was shielded or stored under-
ground whenever possible to minimize the formation of 68Ge by cosmic rays,
which contributes background in the double-beta decay region of interest and
cannot be removed by zone refinement and crystal growth. Formation of 68Ge
was reduced by a significant factor over that in natural abundance detectors not
protected from cosmic rays.
Keywords:
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1. Introduction
Nuclear double-beta decay without emission of neutrinos, zero-neutrino double-
beta decay (0νββ decay), is of great current interest in fundamental physics.
First, the decay violates conservation of lepton number. Second, it is the only
practical way to determine whether neutrinos are their own antiparticles, i.e.,
Majorana particles. Third, in the case of the light neutrino exchange mecha-
nism, if 0νββ decay is observed and the half-life measured and combined with
neutrino oscillation data, the masses of all three neutrino-mass eigenstates would
be determined; hence the neutrino mass scale. There are many recent reviews
covering both theoretical and experimental aspects of this subject [1, 2, 3, 4, 5].
The probability of a direct observation is enhanced by the parameters obtained
by the measurements of neutrino oscillations of solar [6], atmospheric [7], accel-
erator [8, 9] and reactor neutrinos [10, 11, 12, 13, 14].
The importance of low-energy neutrino physics was clearly demonstrated by
the awarding of the 2015 Nobel Prize in Physics jointly to Takaaki Kajita and
Arthur B. McDonald “for the discovery of neutrino oscillations” [15]. The basis
of the prize was the discovery of oscillation of atmospheric neutrinos [16], the
direct measurement of solar neutrino flavor transformation [17], and direct evi-
dence that the flux of 8B neutrinos from the sun, predicted by Bahcall and his
colleagues, is correct [18]. Under the assumption that the 0νββ decay process
is driven by a massive neutrino exchange, the directly measured neutrino oscil-
lation parameters imply that the Majorana mass of the electron neutrino could
be larger than 50 meV. This is a scale at which 0νββ decay might be observed
by a ton-scale experiment. Recently, the Capozzi et al. [19] review article gives
references to all of the oscillation results and provides a global fit to all of the
neutrino-oscillation data. A large, perhaps ton-scale, 0νββ-decay experiment
might well be motivated by the results presented in that review. Further, the
U.S. Nuclear Science Advisory Committee’s 2015 Long Range Plan [20] rec-
ommends “... the timely development and deployment of a U.S.-led ton-scale
neutrinoless double-beta decay experiment.”
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The Majorana Demonstrator is a research and development project to
determine if a ton-scale 76Ge 0νββ-decay experiment is feasible. Two main re-
quirements to demonstrate such feasibility are the highest possible yield in the
total mass converted into detectors with the lowest possible radioactive back-
ground. Due to the high cost of enriched 76Ge, processing of the material from
an oxide to a high-resistivity, detector-grade metal3 must provide the highest
possible yield. In addition, high-yield reprocessing of the “scrap” germanium
from detector fabrication, as well as the efficient recovery of enriched germanium
from the acid etch solution, and from grindings and shavings mixed with cut-
ting fluids, herein called sludge, must be achieved. In this article, we describe
the techniques developed and used in processing enriched germanium for the
Majorana Demonstrator.
2. Double-Beta Decay Experiments
The germanium detector is a well-known device with many applications from
the detection of gamma rays from nuclear reactions to environmental radiolog-
ical evaluations. Germanium detectors were first introduced into the field of
neutrino physics by Ettore Fiorini and his colleagues, in their first search for
the decay of 76Ge to 76Se [21]. This experiment used the concept of the detector
and the source of the decay isotope being one and the same, resulting in large
detection efficiency. Until recently, the most sensitive searches for neutrinoless
double-beta decay came from the first two experiments utilizing detectors fabri-
cated from germanium enriched to 86% in 76Ge from the natural abundance of
7.8%. They were the IGEX experiment: T 0ν1/2(
76Ge) > 1.6× 1025 y [22, 23, 24]
and the Heidelberg-Moscow experiment: T 0ν1/2(
76Ge) > 1.9 × 1025 y [25]. Re-
cently, data from CUORE-0, the TeO2 bolometer search for the 0νββ decay of
130Te [26], was combined with those from the CUORICINO experiment [27],
3Throughout this paper, the product of GeO2 reduction is referred to as a metal to stay
consistent with industry jargon, when in fact the Ge is an electrical semiconductor or metalloid.
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to yield a lower limit: T 0ν1/2(
130Te) > 4.0 × 1024 y. There are also recent re-
sults from the EXO-200 experiment: T 0ν1/2(
136Xe) > 1.1× 1025 y [28] and from
the KamLAND-Zen experiment: T 0ν1/2(
136Xe) > 1.07 × 1026 y [29]. These ex-
periments have claimed stronger upper bounds on mββ , the effective Majorana
mass of the electron neutrino; however, large uncertainties in the nuclear matrix
elements used to determine bounds on the mββ from the half-life limits make
a clear distinction difficult. Nevertheless, the Kamland-Zen experiment bound
implies an upper limit of 61-165 meV, using the most least favorable published
nuclear matrix elements [29].
The Gerda Phase-II experiment is an array of Broad-Energy Germanium
(BEGe) detectors suspended in liquid argon, which cools the detectors and also
acts as an active veto detector to cancel background events [30, 31]. Gerda is
operating in the Laboratori Nazionali del Gran Sasso (LNGS) in Assergi, Italy.
The Gerda Phase-I experiment used the semi-coaxial enriched germanium de-
tectors from the Heidelberg-Moscow and the IGEX experiments. The detector
collected 21.6 kg-y of data and set a lower limit: T 0ν1/2(
76Ge) > 2.1 × 1025 y
(90% C.L.) while when combined with the Heidelberg-Moscow and IGEX data
results in the lower limit: T 0ν1/2(
76Ge) > 3.0×1025 y (90% C.L.) [32]. This result
was used in an attempt to exclude the claim of discovery by H.V. Klapdor-
Kleingrothaus et al. [33, 34, 35]. A recent joint analysis of the Gerda Phase I
and II sets a lower limit of T 0ν1/2(
76Ge) > 5.3× 1025 y (90% C.L.) [36].
3. The MAJORANA DEMONSTRATOR
The Majorana Demonstrator [37] is composed of two arrays of point-
contact germanium detectors [38] in a common shield as shown in Figure 1. The
two arrays contain a total of 29.7 kg of detectors fabricated from germanium
enriched to 88% in the ββ-decay isotope 76Ge. The arrays also contain 14.4 kg
of detectors of natural abundance germanium. The average enriched detector
mass is 850 g.
The experiment is operating at a depth of 4850 ft below the surface in the
Sanford Underground Research Facility (SURF) in the former Homestake Gold
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Figure 1: A computer-aided design drawing of the Majorana Demonstrator showing the
detector arrays, cooling system, and complex shielding of copper, lead, and a 4pi cosmic-muon
active veto surrounded by polyethylene neutron-moderating shield. The inner polyethylene
panels are borated to absorb moderated neutrons.
Mine in Lead, South Dakota. This site has 4260 meters of water equivalent
overburden [39] to shield the experiment from cosmic-ray muons and the high-
energy neutrons they generate. The main advantage of point-contact germanium
detectors is their excellent pulse-shape discrimination capability; this allows the
identification and removal from the spectrum of multi-site events typical of
MeV gamma-ray backgrounds. In addition, the low-energy threshold (<500
eV) that can be achieved using p-type point contact detectors opens up new
physics programs for the Majorana Demonstrator, including detection of
light WIMP dark matter and solar axions interacting with the detector [40].
The reduction of cosmogenic activation is essential to maintain this low-energy
physics program. See Section 6 for a discussion of the cosmogenic generation of
radioactive isotopes. At every step of the germanium processing, precautions
were taken to minimize this source of background.
A detailed discussion of the properties of the detectors and their pulse shape
discrimination capabilities is given in reference [37]. Thirty-five point-contact
detectors have been produced from the enriched material, comprising 29.7 kg of
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germanium enriched to 88% in 76Ge. Twenty of these detectors are operating
in Module 1 of the Majorana Demonstrator with the remaining deployed
in Module 2. The remainder of this article provides a brief discussion of the
acquisition and reduction of the enriched 76GeO2, the zone refinement of the
metal to a resistivity of ≥ 47 Ω·cm, and the reprocessing of the scrap material
from detector fabrication and liquids returned from the detector manufacturer.
4. Germanium Detector Fabrication
It is appropriate to briefly discuss the processes involved in the fabrication of
germanium detectors that have important impacts on the reprocessing and con-
servation of the enriched germanium. The production of point-contact detectors
was carried out by AMETEK-ORTEC Inc. at their facility in Oak Ridge, Ten-
nessee located near the Majorana Demonstrator germanium processing fa-
cility. The fabrication of point-contact detectors presented new challenges. The
detectors used in the IGEX, Heidelberg-Moscow, and subsequently the Gerda
Phase-I experiment, were large (2 kg) semi-coaxial detectors for which there
were many years of experience in the industry [41]. The Gerda Phase-II and
Majorana Demonstrator use the new technologies of point-contact style
germanium detectors, which provide much improved discrimination between
single-site interactions similar to double-beta decay interactions and multi-site
events characteristic of gamma-ray background [38, 42]. The fabrication of ger-
manium detectors requires etching the surfaces of the detector crystal blanks at
various stages of the production, resulting in about a 2% loss of germanium per
etch. These losses must be minimized when producing detectors from isotopi-
cally enriched material.
Detector manufacturers require the input material to be in the form of zone-
refined germanium bars with resistivity levels of 47 Ω·cm or higher, or equiv-
alently 1013 electrically active impurities/cm3. The detector fabricator zone-
refines the material again to a level of about 1011 or lower in the same units.
The metal is then introduced into the crucible of a Czochralski crystal puller.
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The temperature is raised to liquefy the germanium, and a seed crystal is intro-
duced and pulled very slowly to form a crystal boule from which the detector
blank is machined. The crystal-pulling process further purifies the germanium
metal. The blank is etched with nitric and hydrofluoric (HF) acid solutions
before all but one surface of the blank is diffused with lithium to form the p-n
junction of the p-type germanium semi-conductor diode.
These steps produce a significant quantity of valuable “scrap” germanium
that must be recovered. The acid etch can contain as much as 7–10% of the
original mass of the germanium blank. The machining scraps (kerf) and tails cut
from the boule can represent several kilograms of materiel. Frequently, half of
the tails can be used by the detector fabricator with no further processing. The
remainder must be recovered in the case of enriched germanium. In the next
section we discuss the processing, reprocessing, and recovery of scrap material
used in the Majorana Demonstrator.
5. Special Germanium Processing Procedures for the MAJORANA
DEMONSTRATOR
As noted above, the objective of the germanium processing described in this
paper was to provide 76Ge suitable for fabrication of germanium detectors for
the Majorana Demonstrator. The processing described in this section in-
volves several components: material enrichment and shipping, reduction of the
material from oxide to metal, zone refinement of the germanium metal into bars
having the appropriate resistivity for detector manufacture, and reprocessing of
material for reuse in detector fabrication. The latter category includes repro-
cessing of metal pieces returned from the detector manufacturer, liquid “sludge”
(consisting of water and cutting fluid that contain enriched germanium), and the
acid from etching the metal at various stages of the process of detector fabrica-
tion. The materials requiring reprocessing can represent a significant fraction of
the total mass of germanium being processed. Detector manufacturers usually
discard the acid etch and sludge. However, the high cost of enriched germa-
nium required the development of cost-effective methods to recover germanium
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suspended in the liquids. A special facility was set up by the collaboration in
Oak Ridge, Tennessee and managed by Electrochemical Systems, Inc. (ESI) to
carry out the reduction of the 76GeO2, zone refining of the reduced metal, and
recovery of the scrap germanium.
Figure 2: A diagram of the purification process used for the Majorana Demonstrator
germanium enriched to 88% in 76Ge. The arrow labeled “Multiple Failures” represents a very
small fraction of the original 42.5 kg of Ge. The section where the process is explained is
noted in each block.
The process of reduction of the GeO2 and purification of the metal by multi-
ple zone refinement is shown in the flow chart in Figure 2. It differs significantly
from the process used in the germanium industry. In the process described here,
the metal from reduction is all sent to zone refinement. The resistivity of the
resulting zone-refined metal bars is measured with a 3-point resistivity probe.
The portions that measure above 47 Ω·cm are cut off and sent to the detector
manufacturer. The rest is returned to the zone refiner with newly reduced metal.
This process is repeated many times until there is not enough germanium to
continue the process.
In the typical industrial process, the metal bars from the reduction furnace
are measured and the portion that measures below 5 Ω·cm is chemically purified
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by chlorination, as described later. The chlorination chemical purification has
an average yield of 70%, while the rezoning technique used in the present work
has almost no loss. Accordingly, the processing of all of the germanium in this
project had a yield of 98.3% for the reduction and zone refinement of all of the
virgin material (see Table 1).
In a standard detector fabrication run at the manufacturer (AMETEK-
ORTEC), a charge of approximately 9 kg of 76Ge-enriched metal was zone re-
fined further before loading into a crystal puller. Each of these charges would
contain a combination of input 76Ge metal that had different processing histo-
ries. In the initial phase of detector fabrication, these charges were predomi-
nantly virgin electronic-grade metals that ESI produced directly from the re-
duction of 76GeO2 and initial zone refinement. During the intermediate phase
of detector fabrication, the proportion of ‘recycled’ material — unused enriched
metal from previously pulled crystals that could be reloaded in the zone refiner
after an acid etch at the detector manufacturer — in each charge would in-
crease. As more detectors were manufactured and more potentially recoverable
enriched materials (kurf and sludge from cutting) were collected and chemically
reprocessed by our ESI team, the amount of these ‘recoverable’ materials would
increase in the later stage of detector fabrication. Table 1 is a summary of the
composition of these three different input streams of metals for the charges in
each of the thirteen zone-refined bars in detector fabrication. The summed mass
of detectors that were produced from each zone-refined bar is also shown in this
table, which indicates that the recovery and reusing of recyclable materials were
critical to achieving a high detector yield of 70%. Further details on each step
of the germanium processing and recovery follows.
5.1. Enrichment and Shipping
Isotopic enrichment was performed in the large centrifuge facility, Electro-
chemical Plant (ECP), in Zelenogorsk, Russia. The germanium was converted
to the stable gas GeF4 and introduced into a long series of centrifuges. When
the required isotopic enrichment is achieved (>87% 76Ge), the gas is bubbled
10
Table 1: A summary of 76Ge-enriched material usage in the detector production process,
during which thirteen zone-refined bars were produced by the detector manufacturer. Each
zone-refined bar may contain enriched materials that have only gone through the 76GeO2
reduction process (‘Virgin’); enriched materials from previously pulled crystals that could be
reloaded in the zone refiner after an acid etch at the detector manufacturer (‘Recycled’); and
enriched materials that required additional chemical processing as described in this paper
(‘Recovered’). In most detector production runs, multiple detectors were fabricated from each
zone-refined bar, but there were instances when the pulled crystals were found to be n-type
and were not suitable for detector production. The yield of the processed virgin material at
ESI and the final detector mass is relative to the initial purchase of 42.5 kg of germanium
isotopically enriched in 76Ge.
Zone-refined Virgin Recycled Recovered No. of finished Summed mass
bar number (g) (g) (g) detectors of detectors (g)
1 9134.3 0 0 3 3106.7
2 8812.5 420.1 0 2 2119.5
3 9168 0 0 5 4197.1
4 0 9458.7 0 0 0
5 9218.5 0 0 1 521.1
6 5430.5 3618.5 0 0 0
7 0 9197 0 6 4349.8
8 0 9106.7 0 5 3663.4
9 0 8534.7 807.4 4 3435.5
10 0 3551.1 4709.4 4 3846.1
11 0 2557.4 6616 2 2136.3
12 0 5889 0 0 0
13 0 5568 0 3 2308.4
Total: 41763.8 35 29683.9
Yield: 98.3 % 69.8%
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Table 2: Listed are the isotopic abundances of the Majorana Demonstrator germanium
enriched in 76Ge measured by Oak Ridge National Laboratory after acceptance of the material.
The values are given in percentage of the mass. Samples S1 and S2 are from a 20-kg-shipment
of Ge metal equivalent received on September 12th, 2011. Samples S3, S4 and S5 are from the
12.5-kg-shipment of 76Ge received on October 23, 2012. Additional measurements, some by
other laboratories, for a broader sampling of the Majorana Demonstrator material results
in a weighted average of 88.1± 0.7% 76Ge [43].
Isotope: 70Ge 72Ge 73Ge 74Ge 76Ge
S1 <0.20 <0.20 <0.20 12.5(1) 86.9(9)
S2 0.0157(3) 0.0058(3) 0.02(1) 12.0(1) 87.9(9)
S3 <0.01 <0.01 0.0110(2) 13.06(13) 86.9(9)
S4 <0.01 <0.01 0.0345(7) 13.12(13) 86.8(9)
S5 <0.01 <0.01 0.0167(3) 12.96(13) 87.0(9)
into cold water and hydrolyzed. The hydrogen combines with the fluorine and
the germanium with the oxygen, forming a GeO2 precipitant in a dilute solution
of HF acid. The HF solution is drained off and the oxide is dried to a fine pow-
der. When not being processed, the GeO2 was packed in plastic bottles, which
were stored under concrete, steel, and soil to reduce exposure to cosmic-ray neu-
trons that cause nuclear spallation reactions that create radioactive atoms in
the germanium. The 76Ge oxide went to St. Petersburg by land, to Charleston,
SC USA by ship, then to Oak Ridge, Tennessee by truck, all while enclosed a
heavy iron shield described in Section 7. These precautions reduced cosmic-ray
exposure by on the order of a factor of ten.
Upon arrival in Oak Ridge the 76GeO2 was randomly sampled and tested by
inductively coupled plasma mass spectrometry (ICP-MS) for isotopic abundance
and content of other elements. A total of 42.5 kg of enriched 76Ge in the form
of 60.4 kg of GeO2, were purchased from ECP. The isotopic contents of five
random samples are shown in Table 2.
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Figure 3: A drawing of the reduction furnace including the tube that carries the water vapor
resulting from the reduction reaction. When the water vapor ceases to appear, the reduction
is complete.
5.2. Reduction of the Oxide to Metal
The drawing of the reduction furnace depicted in Figure 3 consists of a
cylindrical electric furnace 1.3 m long, with a bore that accommodates a 75 mm
quartz tube. The 76GeO2 was placed in a graphite boat that holds about 800 g
of oxide. The quartz tube of the furnace was capped at both ends with Teflon
plugs, one with a gas supply tube and the other with a gas exit tube. The
reduction was done under a flow of pure hydrogen at 650 ◦C for approximately
9 hours, thus converting the germanium oxide to metal and water vapor. The
unreacted hydrogen exited and served as a carrier gas for removing the water
vapor product. The reduction produced a fine germanium metal powder and
H2O, which was vented. When the water ceased to appear at the vent, the
reduction was complete. At that point, the hydrogen gas was flushed out with
nitrogen, and the temperature was raised to 1030 ◦C in the N2 atmosphere
until the germanium powder melted. Then the furnace temperature is slowly
lowered. The production of metal was about 500 g/day per furnace. The average
germanium yield of the reductions was greater than 99%.
5.3. Zone Refinement
Zone refinement was developed for silicon and germanium at the Bell Labo-
ratory in 1966 and is the standard technique used to purify germanium [44, 45].
13
Germanium is a metal in which the liquid phase has a larger affinity for impuri-
ties (larger segregation coefficient) than the solid phase. In the zone-refinement
apparatus, RF coils surround the sample and create a narrow region of liquid
phase. When metal germanium in a graphite boat is moved slowly through the
coil, the liquid region moves through the metal carrying some fraction of the
impurities with it. In the present case, the graphite boat was moved very slowly
(1.5 mm/min) through the quartz tube surrounded by six RF loops. In the case
described here, there were six coils through which the boat moved.
The power was adjusted to create a narrow liquified region inside each coil.
These liquefied regions were 2 – 3 cm in length. The germanium metal was zone
refined to a resistivity of 47 Ω·cm as required by detector manufacturers. The
RF coils are shown in Figure 4.
Figure 4: A (left) drawing and (right) photograph of the six-coil array is shown during oper-
ation with a germanium-loaded graphite boat moving slowly through the series of RF coils.
The bright regions in the drawing depict the regions of melted germanium.
The fraction of the zone-refined bar that met the required 47 Ω·cm resistivity
after the first zoning was between 65% – 80% of the length. The higher the purity
of the input metal from the reduction furnace, the higher the fraction of the zone-
refined bar that met the required resistivity. In the Ge-detector industry, the
usual practice is to send the tails that do not meet that standard to chemical
reprocessing (see Section 5.4), which has an average overall yield of 70%. In
the case of enriched germanium those losses were avoided by continuously zone
refining the tails until the fraction of the bars not meeting the required standard
was small, between 15 – 25%. Only a tiny fraction of the material is lost in the
zone refining process, while losses between 30% and 35% or more are common
in chemical reprocessing. This practice allowed the project to achieve an overall
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yield of 98.3% of virgin enriched germanium meeting the 47 Ω·cm resistivity
throughout the first cycle from oxide through the zone-refinement.
5.4. Reprocessing of the Scrap Germanium and Acid Etch
The term “reprocessing” includes repeated zone refining, chemical process-
ing of metal scraps, chemical processing of the sludge formed from cuttings and
grindings in a lubricant bath, and chemical reprocessing of the acid-etch solu-
tions in order to recover germanium metal. The Majorana Demonstrator
program recovered germanium through reprocessing for all material except for
the chemical reprocessing of acid-etch solutions, for which there was instead a
feasibility study undertaken in this project. Losses were minimized by addi-
tional zone refining of the portion of the bars that did not meet the 47 Ω·cm
standard. This was repeated until most of the remaining bar did not meet the
standard, and continuing zone refining was no longer practical. At that point,
the remaining tails were chlorinated, condensed and collected as GeCl4, which
after fractional distillation, was hydrolyzed in cold water to form a GeO2 pre-
cipitate in a solution of HCl. The GeO2 is dried and reduced to metal, as was
the original oxide. Following reduction, the bars are zone-refined.
The material referred to as “sludge” is a combination of metal grit in a water
and lubricant solution used in the machining and grinding of the detector blank,
and requires chemical reprocessing. It was found to be most efficient to pour
the sludge into large area tubs and wait for the solid material that contains the
germanium to settle to the bottom. The liquid on top was tested with an atomic
absorption spectrometer to determine the germanium content. After about a
week to ten days, the germanium content in the remaining water solution was
minimal. The liquid was then poured off and the solid material was chlorinated,
hydrolyzed, reduced, zone-refined and sent to the detector manufacturer to make
additional detectors.
Finally, a feasibility study was undertaken to recover germanium from the
typical acid-etch solution used in detector fabrication. The contents of the so-
lution by volume were: HF (2%), HNO3 (9.5%), Methanol (54.5%) and H2O
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(34%). Atomic absorption analysis determined that 19 liters of solution con-
tained an average of 80 g of germanium. The content of HF acid negated the
use of glassware. Ion exchange was eliminated because of the probable interac-
tion of HF acid with the ion-exchange medium. Accordingly, distillation using
Teflon components was considered the most practical solution. However, Teflon
has a maximum practical operations temperature of about 2000 ◦C. In addition,
Teflon has a very low thermal conductivity. Nevertheless, Teflon components can
be used in a microwave boiler tuned for water to make a practical high-volume
apparatus. Following distillation, 190 g of germanium salts were recovered from
19 liters of etch solution. While the final chemistry to recover germanium from
the salts was not completed, the estimate is that 90% recovery of germanium
from the etch solution is achievable. This would be very important for a large,
possibly ton-scale, 0νββ-decay experiment with enriched germanium.
6. Generation of Internal Radioactivity in the Germanium by Cosmic-
Ray Neutrons
Energetic neutrons from cosmic rays at the earth’s surface form radioactive
isotopes in the germanium itself, which can produce serious background to 0νββ-
decay experiments. Extensive studies have been conducted to determine the
generation of radioactive isotopes produced by energetic neutrons on 76Ge [46,
47]. The following isotopes (half lives in parentheses) have been observed and
measured: 54Mn(312 d), 57Co(272 d), 65Zn(244 d), 68Ge(271 d), 60Co(5.28 y)
and 3H(12.3 y). Both 60Co and 68Ge contribute background in the 0νββ decay
region of interest. All but one of these isotopes are essentially eliminated by
zone refining and by the Czochralski crystal pulling operation. However, 68Ge is
unaffected by these processes, but is essentially eliminated by the initial isotopic
enrichment of 76Ge by centrifugation. The isotope 68Ge has a half-life of 271
days, and decays to 68Ga, which decays by electron capture to 68Zn, followed by
gamma de-excitation with a total energy release of 2921 keV. This is well above
the Qββ= 2039.061(7) keV [48] and can directly interfere with the search for
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the 0νββ decay of 76Ge. This background is minimized by keeping the material
well shielded from cosmic rays whenever possible.
7. Reduction of Cosmogenic Activation During Shipping from Russia
To minimize cosmogenic production of 68Ge, protection from cosmic-ray
neutrons must start as soon as possible after the GeF4 gas leaves the centrifuge.
From the centrifuge, the gas is hydrolyzed, and the resulting GeO2 is extracted,
dried, and stored in plastic bottles. At that point it is placed under concrete,
steel, and soil overburden to reduce activation. Shipment of the material at the
lowest elevation possible minimizes the cosmic-ray exposure. The first shipment
of GeO2 in September 2011 was taken by truck in a special steel transport
shield to the port of St. Petersburg where it went by ship to Charleston, South
Carolina. After 5 days in U.S. customs, the shipment went by truck to Oak
Ridge, Tennessee. During its travel from Zelenogorsk, Russia to Oak Ridge, the
material always resided in a steel shield designed and built in Russia to reduce
activation of 68Ge. A drawing of the shield is shown in Figure 5. Calculations
by Barabanov et al. [49], show the container reduced the cosmogenic generation
of 68Ge by a factor of approximately ten (see Table 3).
Figure 5: A computer-aided design drawing of the Russian shipping shield. The construction
is of steel plates. There is 72 cm of steel above the cylindrical chamber containing the GeO2
and 43 cm on the sides. The small, light-colored cylinder on the pull-out drawer is the GeO2
container.
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While the steel shipping container was effective in reducing cosmogenic pro-
duction of radioactive backgrounds in the germanium during transportation,
other shielding measures were necessary during and after the processing de-
scribed above. The germanium, in various forms, was kept under an overbur-
den during all times when the GeO2 and Ge metal were not actively being
processed. Each zone refining cycle took approximately 14 hours and ended in
the early morning hours. The material was cooled and brought underground
within two hours after completion. Furthermore, the germanium was stored
underground whenever possible during detector fabrication. To achieve the un-
derground storage requirement, space was rented at the bottom of Cherokee
Caverns located only a few miles from the germanium-processing site in Oak
Ridge, TN. The cosmic-ray muon flux was measured by Y. Efremenko et al.
[50], and it was determined that the production of the isotope 68Ge was re-
duced by a factor of approximately ten from that of unshielded germanium.
Shielding of the GeO2 at Zelenogorsk and shipment in the shield, combined
with minimizing the time above ground during reduction and zone refinement
at the germanium-processing site and during detector fabrication, resulted in a
significant reduction in radioactive isotopes in the bulk germanium. Estimates
of the times and exposure reductions of all of these steps in the process are
shown in Table 3. Shipment 2 consisting of 17.8 kg of GeO2, containing 12.5 kg
of Ge, arrived in Oak Ridge on 23 October 2012. Very similar procedures for
protection from cosmic-ray exposure were used with very close to the same ex-
posures at each step of the production, shielding, and durations for the various
steps of the transportation.
The average overall estimated sea-level equivalent exposure for all detectors,
excluding detector manufacturing, was 12.5 days. These steps, combined with
the storage underground in the Cherokee Caverns between processing steps,
greatly reduced the overall cosmic-ray activation production of radioactive iso-
topes. The exact reductions for the individual isotopes are not known at this
time, however, the reductions are being measured by the collaboration at the
time of this writing.
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The final effect of this program’s cosmogenic reduction in the enriched ma-
terial is evident from the early data from the Majorana Demonstrator
shown in Figure 6, in which both curves are normalized to the same detector
exposure in counts/kg/d/keV. For comparison, the detectors labeled “natural”
were fabricated from natural abundance germanium, which was not shielded
and was saturated by radioactive isotope production from energetic cosmogenic
neutrons. The large continuum is largely due to the decay of cosmogenically
produced tritium. In the natural detector data, there is a large X-ray peak
near 10.4 keV from the electron capture of 68Ge to 68Ga and another near 8.9
keV from the electron capture of 65Zn. The X-ray peak near 6.5 keV is likely a
mixture of X-rays from the electron capture decays of 55Fe, 54Mn, and 57Co. In
addition to the difference in cross sections for cosmogenically activated isotopes
between natural and enriched germanium, it is very clear that the precautions
taken from the time of the enrichment in Russia, all the way to Oak Ridge,
Tennessee, as well as the precautions taken during the processing, reprocessing,
and fabrication of enriched detectors, has been very successful in reducing the
internal background from cosmic-ray induced radioactivity in the enriched ger-
manium. More data will be needed before the total background in the region of
interest can be determined, which is the focus of a separate study and an up-
coming publication on the cosmogenic backgrounds measured in the Majorana
Demonstrator. Nonetheless, Fig. 6 shows a significant reduction in all of the
low-energy X-ray peaks. The factor of 30 reduction in the Ga X-ray peak from
the electron capture decay of 68Ge implies a similar reduction in backgrounds
at higher energies due to the decays of 68Ge and 60Co.
8. Discussion and Conclusions
The purpose of designing, building and operating the Majorana Demon-
strator is to test the technology and method of using point-contact germa-
nium detectors fabricated from germanium enriched in the ββ-decay candidate
isotope 76Ge, mounted in copper cryostats electroformed underground, for a
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Figure 6: Energy spectra from 195 kg d of natural (blue) and 478 kg d of enriched (red) detector
data. A fit of the background model (linear + tritium beta spectrum + 68Ge K-shell) to the
enriched detector spectrum is also shown (dotted black). The spectrum demonstrates that
the 10.4-keV X-ray line from the electron capture of 68Ge to 68Ga is reduced by a factor of
30 between the natural and enriched detectors. In addition, the continuum of the blue curve
is most likely dominated by tritium decay. The other prominent X-rays peaks are dominated
by the electron capture decay of 65Zn (8.9 keV) and 55Fe (6.5 keV). Figure originates from
Ref. [40].
ton-scale 76Ge 0νββ-decay experiment. This goal requires that the background
be reduced to the lowest practical level and that the fraction of the expensive
enriched germanium that ends up in high-quality detectors be maximized.
To demonstrate this, the Majorana Collaboration purchased GeO2 con-
taining 42.5 kg of germanium isotopically enriched from 7.83% to 88% in 76Ge.
A special facility was set up by the Collaboration in Oak Ridge, Tennessee,
and managed by Electrochemical Systems, Inc. Equipment was purchased and
fabricated to equip the facility to reduce the oxide to metal, to zone refine the
metal to a resistivity of at least 47 Ω·cm, to test the metal and to reprocess the
scrap from the detector manufacturer. The total yield in the fraction of mass of
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germanium that ended up as detector-grade germanium through the processing
of virgin material was 98.3%. Finally, thirty-five point-contact 76Ge-enriched
detectors having a total mass of 29.7 kg were fabricated for the Majorana
Demonstrator. This represented an overall yield of detector mass to that
of purchased material of approximately 70%, with 2.64 kg of scrap germanium
remaining. After careful evaluation, it was discovered that the largest loss was
from machining and etching the germanium at various stages of the detector
manufacturing process. While the mixed HF and HNO3 acid-etch solution was
not reprocessed, a detailed protocol was developed to accomplish this for the
first time. An experimental determination was made that the yield for extrac-
tion of germanium from the acid mixture might be as high as 90%. We estimate
that this additional reprocessing step would likely increase the overall yield in
the mass of operating detectors to between 80% and 85%. The estimated 15%
to 20% irrecoverable losses would come mainly from the chemical reprocessing.
However, further R&D could in principal recover much of those losses. Our
estimate of the costs of these steps, however, is that they might be equal to or
greater than the value of the recovered germanium.
Procedures were developed to minimize the cosmic-ray activation of radioac-
tive isotopes in the enriched germanium. These measures involved the storage
of the newly enriched GeO2 under an overburden immediately after enrichment,
the fabrication of a special steel shipping container, and underground storage
near Oak Ridge at all times when the material was not being processed. The
results of these efforts are reflected in Figure 6. Finally, the very low back-
ground in the low-energy region shown in Figure 6 implies that the Majorana
Demonstrator will be very effective in the search for cold dark matter and
for axions generated by low energy atomic processes in the sun, the fluxes of
which were calculated by Redondo [51].
An important issue in the consideration of a ton-scale, isotopically enriched
76Ge 0νββ-decay experiment is the cost. The high cost of the isotope requires
the highest possible yield in detector production. A summary of the material
yields at various stages of the processing is as follows:
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• Total yield of processing virgin GeO2: 98.3%
• Average yield of first zone refining: 65% - 75%
• Average yield of chemical reprocessing: 70%
• Final overall yield of Majorana Demonstrator detector mass per pur-
chased mass of Ge: 69.8%
• Potential yield of detector mass per purchased mass of Ge 85%
These values and the R&D work done by the collaboration clearly demonstrate
that the experience gained in the processing of the germanium for the Majo-
rana Demonstrator justifies the conclusion that the yield in detectors could
possibly be as large as 85%. The production rate needed for a ton-scale 76Ge
0νββ-decay experiment would require four reduction furnaces of the type used
for the Majorana Demonstrator and two zone-refinement apparatuses. The
only new facility required would be a special chemistry laboratory for the chem-
ical processing of the acid-etch solution. The feasibility of efficiently processing
enriched germanium for a ton-scale experiment has been established by the work
described in this article.
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